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We studied the growth behavior, structural, electronic, and magnetic properties of cobalt nitride
(Co-N) thin films deposited using direct current (dc) and high power impulse magnetron sputtering
(HiPIMS) processes. The N2 partial gas flow (RN2) was varied in close intervals to achieve the
optimum conditions for the growth of tetra cobalt nitride (Co4N) phase. We found that Co-N
films grown using HiPIMS process adopt (111) orientation as compared to the growth taking place
along the (100) direction in the dcMS process. It was observed that HiPIMS grown Co-N films
were superior in terms of crystallite size and uniform surface morphology. The local structure of
films was investigated using x-ray absorption fine structure (XAFS) measurements. We found that
the high energy of adatoms in the HiPIMS technique assisted in the greater stabilization of fcc-Co
and novel Co4N phase relative to the dcMS process. Magnetic properties of Co-N thin films were
studied using magneto-optical Kerr effect, vibrating sample magnetometry and polarized neutron
reflectivity. It was found that though the saturation magnetization remains almost similar in films
grown by dcMS or HiPIMS processes, they differ in terms of their magnetic anisotropy. Such
variation can be understood in terms of differences in the growth mechanisms in dcMS and HiPIMS
processes affecting the local structure of resulting Co4N phase.
INTRODUCTION
Transition metal nitrides (TMNs) are a class of inter-
stitial compounds that can be placed somewhere in be-
tween pure metals and metal-oxides. Generally, TMNs
are known to possess metal like resistivity and the hy-
bridization between metal-3d and N-2p orbitals leads to
several interesting outcomes; e.g. excellent magnetic,
electrical, and chemical properties [1]. TMNs appear-
ing late in 3d series are emerging compounds having
wide range of applications from spintronic devices to
electrocatalysts in hydrogen and oxygen evolution reac-
tions [2]. Among late TMNs, Co-N system has been rel-
atively less explored. Co forms nitride compounds in
a wide structural and compositional range as N con-
tent is increased [3]. Among various Co-N phases, the
Co4N phase has received the most attention. [4–9] This is
because Co4N exhibits several interesting properties such
as: (i) high saturation magnetization (M ) ≈ 1.61µB/Co
atom [9] (ii) high spin-polarization ratio (SPR) ≈ 90% [9]
(iii) a half-metallic nature (iv) corrosion resistance (v) ul-
trahigh electrical conductivity [10] and (vi) a high Curie
temperature of about 1027K. [11] Superior magnetic
properties make Co4N as a promising ferromagnetic ma-
terial to be used in spintronics and magnetic recording
media, while the catalytic properties of Co4N make its
usage as a reducing agent in oxygen evolution reactions
and electrode material in metal-air batteries [4, 10, 12].
Despite excellent chemical and magnetic properties,
the phase diagram for Co-N system has not been estab-
lished yet. Over past few decades Co-N compounds have
been synthesized by nitridation of Co metal [13], ther-
mal decomposition and ammonolysis of Co based com-
pounds [14], atomic layer deposition (ALD) [12], metal
organic chemical vapor deposition (MOCVD) [15], molec-
ular beam epitaxy (MBE) [8], reactive dc/rf magnetron
sputtering(R-MS). [5, 6, 16, 17] Among these, samples
prepared using R-MS and MBE were claimed to be sin-
gle phase Co4N [5, 8]. However, even in these studies,
the lattice parameter (LP) of Co4N thin film sample was
always found to be significantly lower (3.54 to 3.67A˚) as
compared to its theoretically predicted value of 3.73 A˚.
As the enthalpy of formation of Co4N is ≅ 0 eV, sam-
ples have been prepared at high substrate temperature
(Ts). [18] It has been proposed that N out-diffusion from
Co4N at high Ts leads to expanded fcc-Co lattice for-
mation (LP=3.58 A˚), that seems to be misunderstood as
Co4N. [17] Another possibility can be that in the case of
thin films deposition processes, several parameters influ-
ence the structure of the compound. Thermodynamical
conditions in the nanoparticle systems can stabilize the
structure under ambient conditions, that are otherwise
met under extremely high pressure and/or high temper-
ature. [19]
The inherent nature of the most widely used sputter-
ing technique induces defects and disorder that could also
lead to the formation of random stacking sequences. [20,
21] The cumulative effect of these parameters and signif-
icantly small stacking fault energy cause the formation
of heterogeneous structures, that has been overlooked in
the synthesis of cobalt nitrides. Therefore, it is highly
possible that the films can have a mixture of hcp-Co, fcc-
Co, together with a non-stoichiometric Co4N phase. This
makes the precise determination of the structure of Co
or closely related Co-N phases an exceptional challenge.
Since, the structure of Co4N and fcc-Co is similar and the
2only distinction between them is that in Co4N all the oc-
tahedral interstitial sites are occupied with the nitrogen.
Filling of octahedral sites also results in an increment in
the LP, leading to an expanded lattice of fcc-Co4N as
compared to fcc-Co. Therefore, the distinction between
fcc-Co and Co4N become very difficult specially when the
octahedral sites are partially occupied.
From the above description, it obvious that the for-
mation of a single phase Co4N is challenging and a crit-
ical inspection of the structure is required. Also, the
Co4N phase needs to be synthesized without raising the
Ts to prevent N diffusion from Co4N. [22] Some at-
tempts have been made using MBE and R-MS to grow
Co4N phase at low Ts. While using the MBE process,
the Co4N phase does not form at all at low Ts [23], but
the signatures of Co4N phase can be observed in samples
deposited using R-MS process at Ts = 300K. [23–25]
However, the Co4N formed with R-MS at 300K does not
seem to be single phase due to presence of some impurity
phase. [23] Therefore, the absence of substrate heating
makes the formation of stoichiometric Co4N phase even
more challenging.
In view of this, an emerging technique known as
high power impulse magnetron sputtering (HiPIMS) is
a promising deposition method due to the tunability of
adatom energies. [26, 27] This technique has been char-
acterized as ionized physical vapor deposition (IPVD)
which enhance film qualities such as microstructure, den-
sity, hardness, adhesion and, reduced surface rough-
ness. [28] In this process, the high ion flux enhances sur-
face mobility of the adatom and thereby reducing film
porosity. [29] This enhanced adatom mobility in HiPIMS
plasma can work as a substitute for the need of high Ts.
In the present work, we optimized growth conditions
for Co4N phase by varying nitrogen partial pressure
(RN2) in close intervals using HiPIMS and compared
these films with those grown using dcMS in the same
deposition chamber at ambient condition. A compar-
ison for structural and magnetic properties have been
made. We have utilized x-ray absorption fine structure
(XAFS) technique, which provides information of the lo-
cal structure and is sensitive to all the structural motif
irrespective of their degree of crystallization. This anal-
ysis was performed to investigate the evolution of local
structure in the samples deposited at different RN2 using
dcMS and HiPIMS process. Therefore, the present study
is expected to unravel any correlation between observed
distinct microstructural and magnetic properties of Co-N
thin films deposited using dcMS and HiPIMS processes.
EXPERIMENTAL DETAILS
Polycrystalline Co-N thin films were deposited on
amorphous quartz (SiO2) using dcMS and HiPIMS pro-
cess. [23] The partial pressuere of N2 gas defined as
RN2 (%)= 100×pN2/(pAr+pN2); where, pAr and pN2 are
the gas flow of Ar and N2 gases, was vaired in small
steps of 2.5%, so as to achieve the optimum stoichiomet-
ric conditions for Co4N phase. [24, 30] A base pressure of
2×10−8Torr was always achieved prior to deposition of a
Co-N sample. In the dcMS process, the target power was
kept fixed at 180W and the working pressure was kept at
3mTorr. In the HiPIMS process, the deposition parame-
ters used were: average target power 200W; peak power
4.4 kW (peak current of 7.4A), working pressure 3mTorr.
The applied voltage to the target was≈ 600V. The power
pulse lasted 90µs, and the pulse frequency was 500Hz,
yielding a duty cycle (DC) of 4.5%, here the DC is defined
as: DC=tON/(tON + tOFF). This value of the DC was
chosen considering the optimized conditions achieved for
the growth of TiN phase separately following the reports
for HiPIMS process by where a moderate DC ≅ 5% leads
to dense and stoichiometric TiN films. [31, 32] Typical
thickness of all Co-N films was about 100nm. Deposi-
tion rates and density for Co and Co4N phase deposited
using dcMS and HiPIMS were calculated from x-ray re-
flectivity and discussed elsewhere. [23]
After deposition, the structural characterization was
done by x-ray diffraction (XRD) using a standard x-ray
diffractometer (Bruker-D8 Advance) using Cu Kα x-rays.
In order to get a detailed information about the atomic
environment, XAFS measurements were performed in the
fluorescence geometry at the P64 beamline at DESY,
Hamburg, Germany [33]. A passivated implanted pla-
nar silicon detector was used to measure the integrated
fluorescence signal. Energy scans around Co K-edge
(7709 eV) were performed using Si(111) monochromator.
For the normalization of the XAFS spectra a Victoreen
polynomial function is fitted in the pre-edge region and
extrapolated till the end energy of a scan. This func-
tion was then subtracted from the data to remove the
pre-edge background. [34] The extended x-ray absorp-
tion fine structure (EXAFS) signal was extracted using
Athena software and Autoback algorithm [35]. Fourier
transform (FT) of data was performed in the k-range
between 3-16 A˚−1 using a sine window with k2 weight-
ing. The processing of the data was also performed in
the Athena software [35] and the EXAFS fitting was
performed in the k-space using a software code written
by Conradson et al. [36] The photoelectron backscatter-
ing amplitude and phase shifts were theoretically calcu-
lated using FEFF9 code [37] using crystallographic struc-
tures of hcp-Co, fcc-Co and Co4N phases. The simulated
spectra have been included in the supplemental material
(SM [38]), which shows the variation in structure of hcp-
Co, fcc-Co and Co4N. Additionally, the FT spectra for
Co3N had also been simulated to check the formation of
Co3N phase at high RN2 .
Magnetic properties were studied using PNR, MOKE
(Evico Magnetics) equipment in longitudinal (L) and
polar (P) geometry and S-VSM (Quantum Design) at
3room temperature. PNR measurements were performed
at MAgnetic Reflectometer with high Incident Angle
(MARIA), at JCNS, Garching, Germany in the hori-
zontal scattering plane geometry. [39] During PNR mea-
surements, samples were saturated by applying a mag-
netic field of 0.5T parallel to the sample surface at room
temperature and the data was fitted using GenX soft-
ware. [40]
RESULTS AND DISCUSSION
Co4N phase formation using dcMS
XRD data of Co-N thin film samples prepared using
the dcMS process are shown in fig. 1(a). In pure Ar
sputtered film (RN2 = 0%) peaks can be seen at 2θ =
42.22, 44.82 and 47.23◦ (±0.05◦) corresponding to hcp
Co [JCPDS#89-7094]. When a small amount of nitrogen
is introduced in the process chamber, the hcp structure
distorts and the peak intensity starts to diminish. This
can be clearly seen as the variation in diffraction pattern
for RN2 = 2.5 and 5%. Such a loss in the long range crys-
talline ordering upon reactive nitrogen sputtering with a
small amount of nitrogen is a general phenomenon that
can be seen in case of several metals like Fe, FeNi [41],
Cr [42] etc.
When RN2 is increased to 7.5% and beyond, the struc-
ture transforms from hcp to fcc. The peak appearing
at 2θ ≈ 50.38◦ can be assigned to (200) reflection of fcc
Co4N. [24, 43] Further N insertion keeps on shifting this
peak to lower 2θ, which means that the fcc Co lattice
keeps on expanding as a function of N incorporation in
the host Co. From RN2 = 7.5 to 30%, the LP increases
from 3.578 to 3.719 (±0.005) A˚. In addition, using Scher-
rer formula, we find that the crystallite size (CS) in the
Co-N films is about 6±1nm. A close inspection of this
peak reveals an asymmetry in the peak shape with a
shoulder appearing on the lower 2θ. To get more in-
sight, the XRD data for Co-N films with RN2 = 17.5 to
27.5% were normalized and the peak was deconvoluted
and fitted assuming two components C1 and C2 as shown
in fig. 1(b). Here, C1 correspond to (200) reflection of
Co4N and C2 to some other Co-N phase as impurity in
Co4N. XRD fitting patterns along with the variations in
C1 and C2 are shown in fig. 1(b). The appearance of a
such shoulder can also be seen in Co4N films grown in
earlier works [24, 25, 30] and can be understood due to
co-precipitation of a disordered Co3−xN (0≤ x ≤1) phase
along with Co4N phase. When the RN2 increases to 32.5
and 35%, the presence of Co3−xN phase can be seen even
more clearly along with Co4N phase.
From the above observations, it can be seen that when
RN2 is between 22.5 to 27.5%, the variations in the
LP are least and the fraction of the impurity phase is
also minimum. This RN2 range can be most suitable
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FIG. 1. (a) XRD patterns of Co-N thin films deposited at
different RN2using the dcMS process. (b) Fitted XRD data
of selected samples assuming two Gaussian components C1
(Co4N phase) and C2 (impurity phase). (c) The variation of
area fraction (AF) of the component C1 and obtained values
of lattice parameter (LP) at different RN2 .
for Co4N phase formation in the dcMS process. From
fig. 1(c) one can also compare the variation of component
C1 and LP with RN2 . For RN2 = 20 to 25% the area frac-
tion for C1 is higher which corresponds to Co4N phase
and the value of LP is close to 3.68 A˚ (a value observed
for Co4N phase closer to its theoretical value[24, 44]).
However, a single phase Co4N cannot be realized at any
value of RN2 . Therefore, it seems that the realization of
a single phase Co4N is not possible in the dcMS process.
In the absence of high Ts and in order to circumvent
this problem, we adopted utilization of HiPIMS plasma,
which is an emerging thin film deposition technique.
Co4N phase formation using HiPIMS
Similar to the dcMS process, Co-N thin films were also
deposited at different RN2using HiPIMS and their XRD
pattern are shown in fig. 2. As such the evolution of
Co4N phase is similar as that for dcMS process, the strik-
ing differences that can be seen are: (i) the asymmetry
observed in the peak profile of samples grown using dcMS
is absent in HiPIMS grown samples, (ii) FWHM of the
XRD peak is less and (iii) the Co4N samples adopt a
preferred orientation along (111) direction and the (200)
reflection that was dominant in the dcMS grown sam-
4ples, becomes faint. The absence of asymmetry in the
peak profile indicates the impurity phase that invari-
ably was present in samples deposited using dcMS is
absent in Co4N samples grown using HiPIMS. The oc-
currence of (111) oriented thin films is a general phe-
nomenon that has also been observed for in metal ni-
trides e.g. TiN, CrN, AlN etc. when grown using HiP-
IMS process. [31, 45, 46] Using the (111) reflection of
Co4N, the LP was obtained and values are plotted in
fig. 3(a). As a reference, the theoretical value of LP for
Co4N at 3.68 A˚ is shown as a horizontal line and values
of Co4N (200) films grown using dcMS process are also
included in fig. 3(a) (similar to those shown in fig. 1(c)).
It can be seen that the variation of LP with RN2 is quite
similar in samples grown using dcMS or HiPIMS, albeit
the overall values of LP are somewhat smaller in the later.
It can also be seen from fig. 3(a) that from RN2 = 15
to 30%, in films deposited using HiPIMS process, the
Co lattice keeps on expanding in a similar manner as
that in dcMS process, giving rise to Co4N phase with
LP = 3.666(±0.005)A˚ for RN2 = 25%. However, the peak
profile is symmetric here and no additional impurity peak
can be seen unlike dcMS. A comparison of CS for sam-
ples grown using dcMS and HiPIMS is shown in fig. 3(b).
It can be seen that the maximum CS for Co4N phase
is nearly 21±1nm, which is significantly higher than
Co4N phase formed by dcMS process at RN2 = 25%.
For RN2 = 32.5% some additional peaks corresponding
to N-rich phases also appear and for RN2 = 35% sample,
some disordered N-rich phases starts to form.
The remarkably distinct preferred orientations in Co-
N films - (111) in case of HiPIMS and (200) in dcMS,
can be understood due to differences in the energetics
involved in these two deposition processes. The energy
distribution of sputtered atoms in HiPIMS tails up to
100 eV [47]. This is reflected in terms of adatom mobil-
ity which is significantly higher in the case of HiPIMS.
Considering the thermodynamics involved as suggested
by Pelleg et al., [48] the driving force which is responsible
for texture development of thin films consists of surface
(γ) and strain energy (ε). As film growth starts at the
substrate, there is a competition between these two pro-
cesses. It is to be noted here that both γ and ε have di-
rectional dependence for different (hkl); γ100 < γ111 and
ε111 < ε100. In dcMS deposited films where adatom have
low mobility, they tend to have an arrangement which
minimizes surface energy and film orientation is (200).
Higher ion energy involved in the HiPIMS process con-
tribute to an enhanced adatom surface mobility and the
orientation changes to (111) plane in order to minimize
strain energy. Higher adatom mobility also results in
larger CS as observed in case of samples deposited using
HiPIMS.
The effect of HiPIMS plasma on morphology of
Co4N phase was also studied in our previous work using
atomic force microscopy (AFM) where well-distributed
30 40 50 60
(110)
(111)
 
 2  (degree)
hcp-Co (100)
Co3-xN (0 x 1)
 
0%
2%
5%
10%
15%
20%
25%
30%
32.5%
35%
 
 
 
 X
-ra
y 
in
te
ns
ity
 (a
rb
. u
ni
ts
)
 
 
Co4N(111)
 
RN2(%)
 
 
 
Co4N(200)
FIG. 2. XRD patterns of Co-N thin films deposited at differ-
ent RN2 using HiPIMS process.
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5grains were observed in HiPIMS deposited Co4N films
while the dcMS deposited Co4N film does not show dis-
tinguishable surface morphology.[23] The comparison of
lattice expansion as a function of RN2 for samples de-
posited using dcMS and HiPIMS is shown in fig. 3(a).
Similar kind of expansion has been reported for Fe-N
films deposited using dcMS and HiPIMS [49]. In both
processes, the trend of expansion of the fcc lattice seems
to be identical. It seems that the highest LP can be
obtained for dcMS deposited film, but the Co4N (200)
reflection was asymmetric and had additional impurity
phase. This suggests that utilization of HiPIMS plasma
favors Co4N phase growth as compared to that in the
dcMS process. Keeping in mind the fact that the en-
thalpy of formation (∆H◦f ) for Co4N ≈ 0 eV [18] and
in absence of the substrate heating, the usage of HiPIMS
plasma helps in growth of a single phase Co4N with more
than three times larger crystallite size on an average.
XAFS studies of Co-N films deposited using dcMS
and HiPIMS
From the XRD results presented in previous sections,
it can be observed that the insertion of N in Co results in
the expansion of the lattice. Moreover, the LP of Co-N
thin film samples deposited using dcMS and HiPIMS was
found to be less than the theoretically predicted value. [9]
To understand this, the local structure of Co-N thin films
samples was studied by carrying out x-ray absorption
fine structure spectroscopy (XAFS) measurements in ni-
trided and pure Co samples. Fig.4 (a-d) compares Co
K-edge x-ray absorption near edge structure (XANES)
spectra of samples deposited at RN2 = 0%, 20%, 25%,
and 30% with dcMS and HiPIMS processes. The spec-
tra show distinct near-edge features marked as A, B, C,
and D. These features can be attributed to one-electron
excitations and reflect the maximum of p-type density
of state of Co which are allowed by the dipole selection
rule (△l = ± 1). The feature B and D are separated by
≈ 30 eV, which respectively arises due to surrounding of
central Co atom with two nearest neighbors at 2.49 and
2.51 A˚ [50]. It can be seen that the intensity of features B
and C varies for the samples deposited using different de-
position techniques as well as with the change in RN2 . As
discussed earlier, due to energetic involved in the sput-
tering process and thermodynamic conditions required
for formation of nano-clusters, the formation of different
stacking sequences can take place in thin films. It has
been observed by Longo et al. that the higher fraction of
the fcc-type stacking sequence gives a higher intensity of
feature B [51]. In that report, the fcc-type stacking was
attributed to the closed packed sequence. The intensity
of feature B found to reduce systematically for the inter-
twined stacking sequence and show a minimum for the
sample having hcp-type stacking sequence. It can be seen
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Fourier transforms of respective absorption spectra is shown
in (a′)-(d′).
that the intensity of the feature B is higher for HiPIMS
samples as compared to those grown using dcMS. There-
fore, considering theoretical and experimental observa-
tions, it can be deduced that a relatively higher fraction
of the fcc component is present in the films deposited
using HiPIMS process as compared to that in dcMS pro-
cess. This behavior suggests that the adatom energy,
which significantly differs in these two techniques, has a
substantial effect in the stabilization of certain crystal-
lographic stacking. In the present case, higher fraction
of fcc-Co phase gets stabilized in samples grown using
HiPIMS process than that in dcMS.
This trend of higher intensity of feature B was main-
tained for the sample deposited at RN2 = 20%, 25% and
30% suggesting that the fraction of the fcc component
is significantly higher for samples prepared using HiP-
IMS even at higher nitrogen pressure. Since the XRD
analysis reveals a simultaneous increment in the lattice
parameters with RN2 and fcc-Co and Co4N share a sim-
ilar structure, the only difference that the octahedral
sites are fully occupied in the Co4N phase. Therefore,
6it can be deduced that the films having higher fcc-Co
fraction are also likely to have a higher fraction of the
fcc Co4N phase, which may or may not have fully occu-
pied interstitial sites. Similar observation was made by
Silva et al. [5], where XANES spectra of Co K-edge for
Co-N film deposited on MgO substrate was studied and
it was observed that the structure of Co4N film is very
similar to fcc-Co with a small lattice expansion(0.3%),
indicating a N-deficient or less homogeneity of nitrogen
in samples [5].
Fig. 4(a′-d′) shows the FT spectra of indicated sam-
ples. It can be seen that for the thin film samples the am-
plitude of FT peaks are smaller compared to the bulk Co
(Fig. 4(a′)). Such reduction in the FT amplitude can be
attributed to the smaller particle size or disorders in the
nanosized samples [52, 53]. Interestingly, the amplitude
of first FT peak is slightly smaller for the HiPIMS sam-
ples relative to the dcMS as shown in fig. 4(a′). With in-
creasing RN2 , the first peak amplitude remains relatively
smaller for the HiPIMS samples (fig. 4(b′-d′)). However,
the FT amplitude in the region between 4–5 A˚ is compa-
rable in both samples. In this region, the forward scat-
tering shells dominates the FT spectrum [34] whose con-
tribution is significantly higher for the fcc structure. It
suggests that the amplitude ratio of the MS shells with
the first FT peak is higher for the samples deposited using
HiPIMS as compare to the dcMS indicating a significant
fraction of the fcc component in these samples. A simi-
lar trend for the relative amplitude of the MS peak and
the first peak is observed for the samples deposited up to
RN2 = 30%.
To get further information on the evolution of local
structure in Co-N films, FT spectra for hcp-Co, fcc-Co
and Co4N were simulated as shown in fig. S1 in the
SM. [38] Since the FT spectrum can be correlated to the
separate atomic shells, subtle variation in the local struc-
ture of hcp-Co, fcc-Co and Co4N can be used to obtain
qualitative information on the relative fraction of these
phases present in the sample. The first FT peak around
2.2 A˚ is associated with the first shell at 2.5 A˚ in the
fcc structure. This peak in the hcp structure comes from
the contribution of two closely related shells (2.48 A˚ and
2.50 A˚ ), which produces a single peak in the FT spec-
trum. The peaks at around 3.3 A˚ and 4 A˚ are contributed
from the second shell at 3.52 A˚ and third shell at 4.3 A˚,
respectively. The region between 4.2–5 A˚ is dominated by
multiple scattering (MS) shells. In the fcc structure, due
to the presence of collinear chains of three atom at the
double the distance of the first shell, a contribution to the
FT amplitude form such MS shells is much higher com-
pared to the single shell. Therefore, the FT amplitude
is higher in this region for the fcc structure, as demon-
strated in the simulated FT spectra on hcp and fcc Co
(see fig.S1 in SM [38]).
Consequently, a relative amplitude of higher-order MS
shell with the first FT peak can act as a useful way to
qualitatively estimate the relative fraction of the fcc com-
ponent in the thin films. It can be seen that for the
pure Co (RN2 =0%), the intensity of the first FT peak
is nearly identical for the samples deposited using dcMS
and HiPIMS. However, the FT amplitude in the region
between 4-5 A˚ is slightly smaller for the sample prepared
with dcMS as compared to HiPIMS. It suggests that for
the pure Co film (RN2 = 0%) prepared using HiPIMS
having a higher fraction of the fcc component relative
to the dcMS, as also observed in the XANES analysis
discussed previously. For the fcc Co4N, the FT peak
shifts to a higher value due to increase in the lattice pa-
rameter (see fig. S1 in SM [38]). The region between
4–5 A˚ still remains dominated by the forward scattering
MS shells in this structure. Interestingly, the FT peak
at around 3.2 A˚ has a similar intensity for the fcc or hcp
Co. However, it has a significantly lower amplitude for
the Co4N phase as shown in fig. S1 of SM. [38] For the
Co-N samples it can be seen that the FT amplitude in
this region starts to decrease from 0% to 20% RN2 and
show minimum value at 25% for the samples prepared us-
ing HiPIMS. Moreover, the FT amplitude is smaller for
the HiPIMS samples compared to the dcMS. It indicates
that the relative fraction of Co4N phase is higher in the
HiPIMS sample and at RN2 = 25% it gets maximized.
EXAFS analysis of Co-N films deposited using
dcMS and HiPIMS
To gain a further insight on the local structure of Co-N
films, detailed EXAFS fitting was performed to estimate
the atomic pair distance (R), coordination number (N),
and root mean square displacement (σ). The value of
passive electron reduction factor (0.8) was empirically
obtained from fitting bulk Co and kept fixed for all of
the samples. As discussed earlier, the local structure
of fcc-Co, hcp-Co and Co4N differs only slightly. The
fcc-Co and hcp-Co have identical local structure, how-
ever the contribution from the forward scattering MS
shells is substantial for the fcc structure. This is an in-
dicator to make a distinction in their structure. The
Co4N and fcc-Co, however, have similar local structure
with only higher LP for the former and therefore, the
atomic shells are relatively expanded. Therefore, it be-
comes very challenging to distinguish between the local
structure of off-stoichiometric Co4N phase with fcc-Co.
This problem gets further elevated for the heterogeneous
samples. Keeping all these things in mind, the EXAFS
analysis was performed by fitting the spectra with the
single scattering atomic shells which are similar for the
hcp, fcc and Co4N phases. The fitted data was later
subtracted from the χ(k) data to filter out the contribu-
tion of remaining MS shells. The filtered data was fitted
with the MS shell observed in the fcc-Co and Co4N struc-
tures. A relative variation in the amplitude of MS shells
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FIG. 5. Fourier transform moduli of the Co K-edge EXAFS (|χ(R)|), and real component (Re[χ(R)]) of the data and fit
of dcMS(a,b,c,d) and HiPIMS(e,f,g,h) samples at different RN2 . Inset shows χ(k) × k
2 data and fit. The x-scale (R − φ) is
phase-shift uncorrected atomic pair distance.
was used to qualitatively estimate the fraction of differ-
ent phases present in the dcMS and HiPIMS samples at
different RN2 .
For the RN2 = 0% sample, it would either have a hcp
or fcc Co phase. Therefore, the EXAFS fitting for the
RN2 = 0% dcMS and HiPIMS samples were performed
using four shells as shown in fig. 5. The first three are
the single scattering shells and the fourth is the MS shell.
The obtained fitting values are tabulated in the table I.
It can be seen from this table that metrical parameters
for all the shells are similar except the N for the forward
scattering MS shell. It was found that for the HiPIMS
sample it has a slightly higher value indicating relatively
greater fraction of the fcc component in the sample. It
must be noted that the region between 4–5 A˚ have con-
tribution from the forward as well as double forward
scattering shells with a small fraction of single scatter-
ing shell. Therefore, the N and σ is contributed from
all these shells and the obtained values may have some
error relative to the absolute value. In order to avoid
larger number of independent fitting parameters, these
were kept free in the fitting procedure and only forward
scattering shell was used. This assumption do not go
against the motivation of this study which is to obtain
only relative change in the N . Moreover, the metrical
parameters give quantitative estimation which are also
clearly evident in the raw EXAFS spectra.
The XRD analysis of dcMS deposited samples reveals
that at RN2 = 20% and 25% the formation of either off-
stoichiometric Co4N phase or mixture with hcp-Co phase
8TABLE I. EXAFS metrical parameters derived from the fittings for selective Co-N thin films measured at Co K-edge. Here,
R is obtained atomic pair distance, N is the coordination number, σ is the root mean square displacement and ∆E0 energy is
shift parameter. The parameters reported without error bars were kept fixed during the fitting. The value of ∆E0 for all the
shells was kept constrained to vary by ±1 eV relative to the first shell.
dcMS Shell I II III IV V MS MS
Pair Co-Co Co-Co Co-Co Co-Co Co-N MS MS
RN2 = 0% R (A˚) 2.48±0.01 3.51±0.02 4.34±0.02 4.95±0.02
N 10.4±0.1 4.2±0.1 14.8±4.3 5.8±1.5
σ 0.07±0.01 0.09±0.01 0.09±0.01 0.09±0.01
∆E0 4.8±1.9
RN2 = 20% R (A˚) 2.50±0.01 3.55±0.02 3.73±0.02 4.39±0.02 4.99±0.02 5.25±0.02
N 10.8±2.3 5.0±1.5 6.0±1.6 18.0±5.1 2.0±0.6 8.4±2.5
σ 0.10±0.01 0.11±0.01 0.15±0.01 0.11±0.02 0.11 0.11
∆E0 2.5±2.2 3.00
RN2 = 25% R (A˚) 2.51±0.01 3.53±0.02 3.73±0.03 4.40±0.02 5.00±0.02 5.17±0.02
N 11.6±2.6 3.9±1.3 5.9±1.5 17.8±5.1 1.7±0.5 7.2±2.1
σ 0.11±0.01 0.10±0.01 0.17±0.01 0.12±0.02 0.11 0.11
∆E0 2.5±2.4 3.00
RN2 = 30% R (A˚) 2.53±0.01 3.58±0.02 3.72±0.02 4.45±0.02 1.85±0.02 5.03±0.02 5.21±0.02
N 11.0±2.2 4.9±1.3 3.6±1.1 17.8±5.3 0.8±0.2 2.1±0.6 4.4±1.3
σ 0.11±0.01 0.11±0.01 0.11±0.01 0.13±0.01 0.06±0.03 0.11 0.11
∆E0 3.3±2.2 3.00
HiPIMS Shell I II III IV V MS MS
RN2 = 0% R (A˚) 2.48±0.01 3.51±0.02 4.34±0.01 4.95±0.01
N 10.2±1.7 4.6±1.1 16.5±4.5 6.8±1.7
σ 0.07±0.01 0.09±0.01 0.09±0.01 0.09±0.01
∆E0 5.2±2.0
RN2 = 20% R (A˚) 2.51±0.01 3.52±0.02 3.84±0.03 4.39±0.02 5.03±0.02 5.12±0.02
N 9.9±2.2 4.9±1.6 6.9±1.7 21.7±6.1 0.8±0.2 10.7±3.0
σ 0.10±0.01 0.12±0.01 0.19±0.01 0.12±0.01 0.11 0.11
∆E0 3.4±2.5 3.00
RN2 = 25% R (A˚) 2.52±0.01 3.51±0.02 3.87±0.04 4.41±0.02 5.04±0.02 5.16±0.02
N 10.5±2.3 4.8±1.5 6.8±1.5 21.1±5.9 0.7±0.2 9.3±2.6
σ 0.11±0.01 0.12±0.01 0.20±0.01 0.12±0.01 0.11 0.11
∆E0 3.0±2.5 3.00
RN2 = 30% R (A˚) 2.54±0.01 3.58±0.02 3.74±0.03 4.47±0.02 1.86±0.02 5.03±0.02 5.21±0.02
N 9.9±2.1 5.2±1.4 2.8±0.8 18.6±5.4 0.8±0.2 2.1±0.6 4.4±1.3
σ 0.11±0.01 0.12±0.01 0.11±0.01 0.12±0.01 0.05±0.042 0.11 0.11
∆E0 3.4±2.2 3.00
occurs. However, in HiPIMS deposited samples no signa-
tures corresponding to the hcp-Co could be seen, means
its contribution if present, would be below the back-
ground level. Therefore, to distinguish between these
phases the contribution from the MS shells was filtered
from the χ(k) data which was initially fitted with four
shells and the obtained values are listed in table I. In
addition to three single scattering shells, one MS (Co-
N-Co) was only included due to forward scattering ge-
ometry. It can be seen that with increase in RN2 , the
atomic pair distance also increases and the HiPIMS sam-
ple has slightly smaller atomic pair distance relative to
dcMS for the second shell which corroborates with the
XRD results.
To precisely determine the phase fraction of Co4N,
hcp-Co and fcc-Co in the dcMS and HiPIMS deposited
samples, the residual χ(k) data was fitted with MS shells
of fcc-Co and Co4N structure as shown in fig. S2 (see
SM [38]). The fig. S3 in SM shows the subtracted χ(k)
spectra of indicated samples with different RN2 . It can be
seen that for RN2 = 20%, the FT peak is slightly shifted
to a higher value for HiPIMS sample. Similar trend can
be seen for the RN2 = 25% sample. Such a shift in the
FT peak position towards a higher value is reflected in
the EXAFS fitting. It was observed that for the HiPIMS
sample, the inclusion of MS shell corresponding to the
Co4N phase could only fit the data reasonably. More-
over, the value of coordination number for this shell suc-
cessively increases with RN2 for the HiPMS sample. This
observation indicates that the presence of Co4N phase is
relatively higher in the HiPIMS samples which is clearly
an effect of dense plasma formed during the deposition
process. Above 25%, the formation of N-rich Co3N phase
occurs as seen in the loss in the FT amplitude for the
30% sample relative to 25% (see fig. S4 in SM [38]). Due
to different coordination geometry the FT amplitude is
smaller for the atomic pairs in the Co3N structure. The
EXAFS fitting of 30% sample was performed following
the similar process as discussed previously (see Table I
and Fig. 5). It was found that inclusion of Co-N shell
improves the quality of the fit and contribution from the
forward scattering MS shell reduces substantially for the
90.02 0.04 0.06 0.02 0.04 0.06
0 5 10 15 20 25 30 35
1.0
1.2
1.4
1.6
1.8
 qz (Å
-1)
 
 
0%
5%
 
 
 10%
 
 20%
  25%
 
 P
ol
ar
iz
ed
 n
eu
tro
n 
re
fle
ct
iv
ity
 (a
rb
. u
ni
ts
)
30%
(a) (b)
 
 
 35%  
 
 
 
 
 
 
 
  
 
  qz (Å
-1)
 spin down
 spin up
 data fit
0%
15%
 
 
5%
10%
20%
25%
30%
35%
FIG. 6. Polarized neutron reflectivity (PNR) patterns of Co-
N films deposited at different RN2 values using dcMS (a) and
HiPIMS (b).
30% sample(Fig. S2 and S3 in SM [38]) indicating for-
mation of nitrogen rich Co3N phase. The presence of
Co3N phase along with Co4N can deteriorate the quality
of the sample. Therefore, at RN2 = 25% the Co4N phase
fraction was found to be maximum from XRD as well as
EXAFS analysis.
Magnetic properties of Co-N films
Since Co based nitride compounds are well-known for
their ferromagnetic properties, the magnetization of Co-
N films have been studied combining different techniques
such as S-VSM, PNR and MOKE. For thin films, PNR is
the accurate method to estimate the magnetic moment
(M ) as errors arising due to sample volume determina-
tion and the diamagnetic contribution from the substrate
are not present. The PNR data of Co-N samples pre-
pared at different RN2 using dcMS and HiPIMS is shown
in fig. 6(a,b). The mass densities obtained from the XRR
data fitting (not shown) were used to fit the nuclear scat-
tering length density profile of PNR at 300K. [23] All
samples show ferromagnetic behavior, as expected with
clear splitting between spin-up (R+) and down (R-) re-
flectivity. The obtained values of magnetic moment (µB)
per Co atom is plotted against RN2 as shown in fig. 7.
For pure Co films prepared by dcMS or HiPIMS, the
value of the moment is 1.60µB(±0.05) which matches well
with theoretical and experimental values in literature. [9,
54] As RN2 increased, the moment reduces as the hcp
structure starts to distort by N incorporation in the Co
lattice (see fig. 1). From RN2 = 10% to 20% the value of
moment remains almost constant (within the error bar)
as the lattice becomes fcc due to N incorporation. This
happens due to a magneto-volume effect which leads to
high volume-high moment phenomenon at corner sites
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FIG. 7. Magnetic moment of Co-N thin films deposited using
dcMS and HiPIMS process at different RN2 values obtained
from fitting of PNR data.
of Co4N lattice [9]. After RN2 = 20% the M increases
which indicates Co4N phase formation as also observed
in XRD measurements. However, for the RN2 range of
20-30% HiPIMS deposited samples show slightly higher
moment as compared to dcMS, which may happen as the
films deposited using HiPIMS have larger crystallite size,
contains no additional impurity phase unlike dcMS and
higher Co4N phase fraction, as observed by XRD and
XAFS analysis.
To further investigate magnetic properties of
Co4N films, the magnetic hysteresis (M-H) data
was collected by L-MOKE and P-MOKE measurements
on Co4N samples (RN2 = 25%). M-H loops were taken
by keeping the laser spot position fixed, but rotating the
sample to investigate the in-plane magnetic anisotropy.
Samples were rotated from 0 to 180◦ in steps of 20-30◦
with the field applied parallel to the film in L-MOKE
set up. Fig. 8 shows M-H loops taken for Co4N films
deposited using dcMS and HiPIMS. It can be seen that
for dcMS deposited Co4N films, there exist separate
easy and hard axis of magnetization which is generally
not observed in polycrystalline films. However, for
HiPIMS deposited Co4N film there is no easy axis of
magnetization and also the field required to saturate
the film is quite high. No signatures of perpendicular
component of anisotropy were found in any Co4N sample
from P-MOKE measurements. Squareness (Mr/Ms)
and in plane rotation angle (φ) have been plotted and
shown in fig. 8 (c). From the variation of Mr/Ms with
the in-plane rotation angle, the two-fold symmetry
axis was found in dcMS deposited films indicating
in-plane uniaxial anisotropy. This might happen due
to the additional phase fraction (hcp-Co) in form of
nano-clusters formed during dcMS process. However, for
film deposited using HiPIMS, Mr/Ms do not reveal any
directional dependence within the film plane, implying
that the film is magnetically isotropic in nature, which
is generally expected for a polycrystalline film. As we
already discussed in XAFS analysis, the major phase
10
FIG. 8. Kerr intensity variation with magnetic field in lon-
gitudinal (L) and polar (P) geometry for Co4N samples de-
posited at RN2 = 25% prepared using (a) dcMS and (b) HiP-
IMS. Angular variation of squareness (Mr/Ms) for these sam-
ples (c).
in HiPIMS deposited film is fcc-Co4N along with a
minor fcc-Co. On the other hand, the M value for
RN2 = 25% samples was found to be almost similar
by PNR measurements. This indicates that growth
process has a significant effect on magnetic properties
of Co4N phase and higher fcc phase fraction present in
HiPIMS deposited films lead to magnetically isotropic
nature of these films.
To elucidate the in-plane magnetization in detail,
room-temperature S-VSM measurements were carried
out on Co4N samples (RN2 = 25%) and obtained loops
are shown in fig. 9(a). A closer inspection of M-H loop
shows characteristic features of two-phase system, as the
positive and negative field cycle shows different satura-
tion behavior. This is confirmed by fitting the normalized
M-H loops using two components (labelled as I and II in
fig. 9(b,c)) in the following equation [55]:
M(H) =
n∑
i=1
2M is
pi
arctan
∣∣∣∣
(
H ± Hic
Hc
)
tan
(
pi Si
2
)∣∣∣∣
(1)
here, Mis is the saturation magnetization, H
i
C is the coer-
civity and Si is the ratio Mr/Ms of ith component of M-H
loop. Here, the component I correspond to Co4N phase
and gets saturated at very low applied field (≈ 200Oe).
On the other hand, the component II may originate due
some additional magnetic phase. This component II has
a similar appearance in dcMS grown samples (fig. 9(b,c))
but in HiPIMS grown sample, it shows a completely dif-
ferent behavior. As can be seen from fig. 9(c), the compo-
nent II does not get saturated even up to ≈ 2000Oe (in-
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FIG. 9. (a) SVSM data of Co4N samples deposited using
dcMS and HiPIMS. M-H plots fitted with components I and
II (as described in eq. 1) for Co4N sample deposited using
dcMS (b) and HiPIMS (c).
dicated with arrow in fig.9). Therefore, this component
which gets saturated at high field value does not show any
contribution in anisotropy leading magnetically isotropic
Co4N film. These findings are also in accordance with the
previous obtained results in XRD, XANES and MOKE
measurements. In HiPIMS, higher ionized plasma den-
sity as compared to dcMS process enhances reaction of N
and Co. In HiPIMS process, energetic adatom as well as
higher degree of ionized plasma have led to formation of
fcc-Co (II component) along with Co4N which was hcp-
Co in films deposited using dcMS and observed in local
structure analysis by XANES.
CONCLUSION
In this work, we systematically studied the phase for-
mation of Co4N utilizing dcMS and HiPIMS processes.
The growth process, structure, electronic and magnetic
properties have been studied. It was observed that the
difference in growth mechanism due to higher adatom
mobility in the HiPIMS process resulted in (111) oriented
Co-N films on the amorphous quartz substrate. XAFS
analysis on Co-N films shows formation of an additional
phase in the Co-N films along with Co4N phase. This
phase was attributed to be in the form of nano-clusters
consisting of mixtures of hcp and fcc Co. The phase frac-
tion of Co4N was found to high in HiPIMS deposited films
as compared to dcMS. Saturation magnetization of all
Co4N films was found to be almost similar from PNR and
11
S-VSM measurements. From MOKE measurement, the
HiPIMS deposited Co4N films were found to be magnet-
ically isotropic. Presence of an additional ferromagnetic
component (fcc-Co) in HiPIMS deposited Co4N film was
observed in M-H data which have lead to loss of magnetic
anisotropy of the film.
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